Abstract-In this paper, a numerical method for solving a higherorder model that relates the measured transmission coefficient to the permittivity of a material is used to determine the permittivity of thin grain samples. A method for resolving the phase ambiguity of the transmission coefficient is presented. Results calculated by using the higher-order model for the permittivity of grain over a range of moisture contents and frequencies are presented and compared to those calculated by using an approximate model. The advantage of using relatively thin grain samples is that a wider range of grain moisture contents can be reliably measured for a fixed sample thickness.
INTRODUCTION
For processing agricultural products it is generally necessary to determine certain quality attributes of the produce. For grain, the moisture content is one of the most important material parameters. Grain moisture content can vary widely, from approximately 30% (wet basis) when harvested to 8% when packaged. The moisture content of grain is strongly correlated with the relative complex permittivity, " j '      . By measuring the dielectric properties of grain, the moisture content can be determined.
Over the years, many nondestructive techniques have been developed for measuring the dielectric properties of materials in the microwave band [1] . These can be broadly categorized as techniques based on the measurement of complex reflection coefficient [2] , complex transmission coefficient [3] (or both [4] ), and resonance techniques for measuring the dielectric properties of low-loss (small "  ) materials [5] . Free-space transmission based microwave sensors are capable of accurate measurements for low to medium '  agricultural products, with low to medium loss, such as grain [3] . Additionally, they have the advantage of requiring minimal sample preparation. These sensors generally operate by measuring the attenuation and phase shift of an electromagnetic wave that propagates through the dielectric material. This vector measurement can be used to estimate the complex transmission coefficient, from which the permittivity of the material can be calculated.
In many previous studies, a minimum signal attenuation of 10 dB through the sample has been required [1, 3] , since for these situations an approximate model that relates the transmission coefficient to the permittivity can be used. However, a grain sample of a fixed thickness that has 10 dB attenuation in its low-moisture state can have greater than 40 dB attenuation in its high-moisture state. For high moistures, the attenuation can often be comparable to the noise floor of the receiver and significantly degrade the measurement accuracy. This problem can be solved by setting a maximum sample thickness for a given range of moisture contents. While this overcomes the problems associated with large signal attenuation, for low moistures the attenuation will be considerably less than 10 dB, and the approximate model relating the transmission coefficient to the permittivity no longer gives good results. For such situations, it is necessary to solve a higher-order model for the transmission coefficient that takes into account the multiple reflections within the sample.
In this paper, a method for numerically solving the higherorder model for the transmission coefficient is used to calculate the permittivity of thin grain samples. This method includes an approach for resolving the so-called "phase ambiguity" associated with transmission based measurements [6] . Results are presented for the permittivity of grain for a range of moisture contents. These results are calculated by using the approximate and higher-order models for the measured transmission coefficient. By solving the higher-order model when the attenuation is less than 10 dB and the approximate model when the attenuation is greater than 10 dB, a wider range of grain moisture contents can be determined for a fixed sample thickness.
II. THEORY
When an electromagnetic plane wave is transmitted through a dielectric material of thickness d placed in air, as shown in Fig. 1 ., the complex transmission coefficient τ for perpendicular incidence can be expressed as [1]   
is the complex propagation coefficient,  is the attenuation constant (np/m) and  is the phase constant (rads/m).
 is the complex reflection coefficient at the airdielectric interface, which can be expressed as
is the free-space phase constant, and  is the free-space wavelength. It can be shown that the complex permittivity  is related to the propagation coefficient
By measuring τ with a suitable experimental setup,  can be determined from (1), from which  can be calculated with (3). However, since  cannot be expressed as an analytic function of τ , in many previous studies it has been common to assume that 0   . This is known to be a reasonable approximation for materials with small '  and low to medium loss if the total sample attenuation is greater than 10 dB [1, 3] . If this approximation is used, the complex transmission coefficient reduces to Any integer value of n in (5) will satisfy (4) (but result in different  ). This phase-shift ambiguity results because it is impossible to determine how many complete rotations in phase the wave has experienced from a single measurement of the transmission coefficient. However, as proposed [6] , assuming that  is a slowly varying function of wavelength, if two measurements, τ 1 and τ 2 , are made at two close but different wavelengths, the relationship (4), there are an infinite number of solutions for the propagation coefficient that satisfy (1). These solutions are not related by the simple expression (5). However, (6) must still be valid if  is a slowly varying function of wavelength. So to resolve the phase-shift ambiguity when solving (1), several solutions are numerically computed for  at two different wavelengths and the correct solution is the one that satisfies (6).
III. RESULTS AND DISCUSSION
Experimental measurements were made on grain (hard red winter wheat) for a range of moisture contents between 10.3% and 22.0% (wet basis), for two sample thicknesses, 2.5cm and 8.9cm, over the frequency range 3-17 GHz using two horn-lens focused-beam antennas and an HP8510C 1 vector network analyzer. This experimental setup has been described in detail [7] . The network analyzer was calibrated with a response-type calibration, where the reference values of the transmission coefficient were set with an empty sample holder between the antennas. Time-domain gating was applied after calibration to remove effects of post-calibration mismatches and multi-path transmission.
The measured transmission coefficient for each sample was used to determine  by the approach described in Section II. For the 8.9-cm samples the attenuation was generally greater than 10 dB and (4) was solved directly, while for the 2.5-cm samples both (1) and (4) were solved. In both cases the phase ambiguity was resolved using (6) . As an example, Table I In Fig. 2 , results are presented for  , divided by sample density,  , as a function of moisture content for the two sample thicknesses at 6 GHz. If the approximate model (4) is used to calculate  , the difference between the 2.5-cm and 8.9-cm samples is significant, particularly for "  . For this case, the attenuation of the 2.5-cm sample varies from 2.72 dB (10.3% moisture content) to 5.92 dB (22.0% moisture content), and it is therefore necessary to include the effects of the reflections at the air-dielectric interfaces. If the permittivity of the 2.5-cm sample is calculated with (1), there is generally good agreement between the 8.9-cm and 2.5-cm samples. In Fig. 3 , results are presented for  (divided by  ) as a function of moisture content for the two sample thicknesses at 10 GHz. In this case the attenuation of the 2.5-cm sample varies between 5.10 dB and 13.55 dB, and the differences in the permittivity calculated with either (1) or (4) are small. Comparing the results for the two sample thicknesses, it can be seen that for low grain moisture the difference in the calculated  is small. However, at 22.0% moisture content there is significant difference, particularly in '
 . At this moisture content, the attenuation of the 8.9-cm sample is 41.08 dB, which is expected to be greater than the dynamic range of the experimental setup, and therefore the measurement error is expected to be large. In general, the 2 r value is lowest for the 2.5-cm samples solved using the approximate model (4). 
IV. CONCLUSION
A method has been presented for numerically solving a higher-order model for the free-space transmission equation used to determine the complex permittivity of thin grain samples. The ambiguity in the phase measurement has been accounted for by comparing several numerical solutions at two frequencies. Results for the permittivity of grain at five moisture contents for two sample thicknesses have been presented. It has been shown that the permittivity of relatively thin grain samples calculated by using the higher-order model is in good agreement with results calculated by using an approximate model, within the known ranges of validity of this approximate model. The advantage of using relatively thin grain samples is that a wider range of grain moistures can be reliably measured for a fixed sample thickness.
